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Context. Spectroscopy of X-ray emission lines emitted in accretion discs around supermassive black holes is one of
the most powerful probes of the accretion flow physics and geometry, while also providing in principle observational
constraints on the black hole spin. Previous studies have suggested that relativistically broadened line profiles are fairly
common in nearby unobscured Seyfert galaxies. Their strength, as parametrised by the Equivalent Width (EW) against
the total underlying continuum, spans a range of almost two orders of magnitude.
Aims. We aim at determining the ultimate physical driver of the strength of this relativistic reprocessing feature.
Methods. We first extend the hard X-ray flux-limited sample of Seyfert galaxies studied so far (FERO, de la Calle
Pe´rez et al. 2010) to obscured objects up to a column density NH=6 × 10
23 cm−2. We verify that none of the line
properties depends on the AGN optical classification, as expected from the Seyfert unification scenarios. There is also
no correlation between the accretion disc inclination, as derived from formal fits of the line profiles, and the optical
type or host galaxy aspect angle, suggesting that the innermost regions of the accretion disc and the host galaxy plane
are not aligned. We use this extended sample to study the EW dependency on various observables, and compare it with
the predictions of Monte-Carlo accretion disc reprocessing simulations (George & Fabian 1991).
Results. The behaviour of the EW as a function of disc inclination, shape of the intrinsic power-law nuclear continuum, or
iron abundance does not agree with the simulation predictions. Data are not sensitive enough to the detailed ionisation
state of the line-emitting disc. However, the lack of dependency of the line EW on either the luminosity or the rest-frame
centroid energy rules out that disc ionisation plays an important role on the EW dynamical range in Seyferts.
Conclusions. The dynamical range of the relativistically broadened Kα iron line EW in nearby Seyferts appears to be
mainly determined by the properties of the innermost accretion flow. We discuss several mechanisms (disc ionisation,
disc truncation, aberration due to a mildly relativistic outflowing corona) which can explain this. We stress that the
above results as such do not represent either a falsification or a proof the relativistically blurring scenario. Observational
data are still not in contradiction with scenarios invoking different mechanisms for the spectral complexity around the
iron line, most notably the “partial covering” absorption scenario.
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1. X-ray spectroscopic evidence for relativistic
accretion flow in AGN
Accretion discs feeding black holes are predicted
to dissipate most of their energy in the inner-
most few Schwarzschild radii (Agol & Krolik 2000,
Krolik & Hawley 2002). In these regions, the space-
time distortion affects significantly the photon
path through general and special relativity ef-
fects (Fabian et al. 2000, Reynolds & Novak 2003).
Monochromatic lines emitted in relativistic discs
are expected to suffer significant profile distortions
(Fabian et al. 1989, Laor 1991). The properties of the
profiles as seen at infinity depend on a number of pa-
rameters related to the accretion flow (size and ionisation
state of the disc photosphere), its orientation with re-
spect to the line of sight, the shape of the illuminating
Send offprint requests to: M.Guainazzi
ionising continuum (Matt et al. 1992, Z˙ycki et al. 1994,
Nayakshin et al. 2000, Ross & Fabian 2005) and the metal
abundances. The profile in principle probes the physical
and geometrical properties of the accretion flow on spatial
scales inaccessible by any other conceivable experiments in
the electromagnetic domain.
That’s the reason why great excitement followed the
first detection of a broadened and skewed profile of the
iron Kα fluorescent iron line by ASCA in MCG-6-30-15, a
nearby X-ray bright Seyfert 1 galaxy (Tanaka et al. 1995).
Broad iron lines were common in ASCA spectra of AGN
(Nandra et al. 1997). With the launch of major X-ray ob-
servatories at the beginning of the century - Chandra
and XMM-Newton - the hope arose to be able to ac-
cumulate large samples of broad lines, which may un-
veil experimental clues on the way matter accretes onto
supermassive black holes, as well as allow us to study
its dependence on the AGN and host galaxy proper-
ties. This hope has been only partly fulfilled. Although
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there are plenty of measurements of broad iron Kα lines
(Miller 2007) (as well as from other elements or iron
transitions: Mason et al. 2003, Fabian et al. 2009), many
of them have been challenged as non-unique solutions to
the complexity of the AGN spectra (Reeves et al. 2004,
Turner & Miller 2009, Miller & Turner 2010). The contro-
versy is fierce. This controversy will not be the subject of
this paper. We will assume in the following that relativistic
broadening and skewing is the correct astrophysical sce-
nario to interpret the observed line profiles. If this assump-
tion turns out to be wrong, the conclusions of this paper
will be, it goes without saying, wrong as well.
Recently studies of large AGN samples focusing on
the properties of their relativistic lines have been pub-
lished (Nandra et al. 2007, de la Calle Pe´rez et al. 2010).
The main conclusions of these studies can be summarised
as follows:
– relativistically broadened iron Kα fluorescent lines are
present in 35–45% of bright nearby (z ≤ 0.01) Seyfert
galaxies. However, taking properly into account the sen-
sitivity limits of the available observations, the presence
of a broad line with EW >30 eV cannot be excluded in
87% of the parent population. At even lower EW values
one hits the parameter space where systematic calibra-
tion uncertainties dominate
– the line shape is consistent with it being emit-
ted in a moderately relativistic accretion disc, as
parametrised by the power-law index of the emis-
sivity radial dependence, α (〈α〉 = 2.4 ± 0.5) once
emission down to the innermost circular stable
orbit is assumed. In a few cases, however, data
require a significantly steeper law (notably MCG-
6-30-15, Wilms et al. 2001, Fabian & Vaughan 2003;
1H0707-495, Fabian et al. 2009; IRAS13224+3803,
Ponti et al. 2010). This has been interpreted as evi-
dence in favour of extreme light bending affecting the
line photon paths (Miniutti & Fabian 2004)
– the accretion disc inclination distribution, ı, is peaked
around ≃30◦. However, this could be primarily due to
an observational bias against lines produced in highly
inclined discs (Matt et al. 1992). Indeed, the measured
disc inclination distribution is still consistent with
an intrinsic random distribution (Nandra et al. 1997,
Nandra et al. 2007, de la Calle Pe´rez et al. 2010).
– the line Equivalent Width (EW) spans a range
of almost one order of magnitude (∼30–300 eV).
In a few cases, even larger EW have been
measured (4U1344-60, Piconcelli et al. 2006;
AXJ0447-0627, Della Ceca et al. 2005: H1413+117,
Chartas et al. 2007; IRAS 1334+2438,
Longinotti et al. 2003: MCG-02-14-009, Porquet 2006;
Mkn 335, Longinotti et al. 2007; NGC 1365,
Risaliti et al. 2009; PG1543+489, Vignali et al. 2008;
RBS1423, Krumpe et al. 2007), again possibly indica-
tive of reflection-dominated states induced by strong
light bending (Miniutti & Fabian 2004)
– the line properties and intensities are independent
of the black hole mass (as the theory postulates;
Fabian et al. 1989, Matt et al. 1992), luminosity or ac-
cretion rate
A standard plane-parallel X-ray illuminated accre-
tion disc covering a 2pi solid angle should produce an
EW∼150 eV for a typical AGN X-ray spectral shape and
solar abundances (George & Fabian 1991). The less-than-
100% detection fraction, as well as this large variety of EW
values need an explanation.
In this paper we aim at investigating the ultimate phys-
ical driver of the observed broad iron line strength. For this
purpose we first extend the samples published so far, which
included primarily X-ray unobscured AGN, to the whole
Seyfert population up to column densities whose photo-
electric cut-off does not hamper the measurement of the
continuum underneath the line (Sect. 2). This allow us to
investigate the correlation between the detection of a rela-
tivistically broadened iron line and AGN classification and
host galaxy properties. Subsequently (Sect. 3) we perform
a falsification test of the currently accepted paradigm that
the main driver of the line EW is the solid angle covered by
the disc at the X-ray source, possibly modified by General
Relativity effects for the strongest lines. We discuss our re-
sults in Sect. 4.
2. The GREDOS sample
We extract the GREDOS (General Relativity Effects
Detected in Obscured Sources) sample by correlating the 54
months 14-195 keV Swift Palermo BAT Catalogue (PBC;
Cusumano et al. 2010) with the XMM-Newton observa-
tion log as of August 2010. The parent sample includes 754
AGN. The definition of the GREDOS sample is solely based
on X-ray spectral properties. In order for a source to to
belong to GREDOS, the column density measured from a
simple power-law continuum fit of the XMM-Newton EPIC
spectra in an optimal observation-dependent energy band
has to be comprised between 5 × 1021 and 6 × 1023 cm−2.
Actually, only one of the GREDOS objects (1ES0241+622)
has got a column density <1022 cm−2. The algorithm to
determine this “optimal energy band” will be explained in
Sect. 2.1. Moreover, we have retained only sources with a
BAT flux ≥ 4×10−11 erg cm−2 s−1. This value corresponds
to the count rate threshold used by de la Calle Pe´rez et al.
(2010) to define a flux-limited sub-sample (FERO Finding
Extreme Relativistic Objects) of the RXTE All Sky Survey
(Revnivtsev et al. 2004).
The aforementioned upper threshold on NH (6 ×
1023 cm−2) has been chosen to ensure that the obscuring
column density does not prevent the view of the primary
emission at the energies of the iron emission features in any
of the GREDOS objects.
The results on the GREDOS sample in this pa-
per will be compared to and jointly discussed with a
sample extracted from the flux-limited FERO sample
(de la Calle Pe´rez et al. 2010). The latter comprises all the
flux-limited FERO AGN (21 sources)1. whose X-ray spec-
trum is obscured by a “cold” photoelectric column den-
sity <5×1021 cm−2. The FERO sub-sample so defined is
therefore complementary to GREDOS. The FERO and
GREDOS samples together can be used to test the invari-
ance of the relativistically broadened features with optically
1 Ark 120, Ark 564, ESO 198-G24, Fairall 9, H0557-
385, IC 4329A, MCG-2-58-22, MCG-6-30-15, MCG+8-11-11,
MR 2251-178, Mrk 110, Mrk 279, Mrk 509, Mrk 766, NGC 3516,
NGC 3783, NGC 4051, NGC 5548, NGC 7314, NGC 7469,
UGC 3973
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Table 2. List of merged observations for GREDOS sources.
Source Merged Obs.#
NGC 4151 0112310101 0112830201, 0112830501
NGC 526A 0150940101 0109130201
NGC 5506 0554170101, 0554170201
MCG-5-23-16 0112830301, 0302850201
defined spectral type which is predicted by the Seyfert uni-
fication scenarios.
The GREDOS sample comprises 13 objects (Tab. 1).2
It is important to stress that GREDOS is neither a com-
plete nor an unbiased sub-sample of PBC. XMM-Newton
observed some of the GREDOS objects multiple times.
We have at first separately analysed the individual time-
averaged spectra with simple photoelectrically absorbed
power-lawmodels. Spectra corresponding to best-fit param-
eter values consistent within the statistical uncertainties
were merged together. For each source we retained only the
spectrum with the longest exposure time after this merg-
ing process. This is the same procedure followed with the
FERO sources (de la Calle Pe´rez et al. 2010). In Tab. 2 we
show the list of XMM-Newton Observations IDs which were
merged together.
2.1. Data reduction and analysis
In this paper we discuss data taken with the EPIC cam-
eras only: EPIC-pn (Stru¨der et al. 2001), and EPIC/MOS
(Turner et al. 2001). Data were reduced using SASv10
(Gabriel et al. 2003), using the calibration files available in
August 2010. Calibrated event lists were generated using
the reduction meta-tasks e[mp]proc. Source spectra were
extracted from circular extraction regions centred around
the source X-ray centroid. The size of the source scientific
products extraction region re, as well as the count rate
thresholds Ct employed to reject intervals of high parti-
cle background were determined through an iterative pro-
cess to maximise the net source spectra signal-to-noise ra-
tio (see Tab. 1). To measure the particle-induced back-
ground we used the whole field-of-view, high-energy (MOS:
E >10 keV; pn: 10 keV≤ E ≤ 12 keV) light curve binned to
∆t=10 s. Background spectra were extracted from off-axis
circular regions on the same CCD as the source, and addi-
tionally at the same RAWY position in the EPIC-pn camera
to ensure that the same charge transfer efficiency correction
applies, as this correction depends on the distance from the
readout node. Response files for each spectrum were gener-
ated using the SAS tasks arfgen and rmfgen.
Spectra were rebinned in order to ensure that: a) each
background-subtracted spectral channel contains at least
50 counts; b) the instrumental intrinsic resolution is over-
sampled by a factor not larger than 3. These conditions en-
sure that we can use the χ2 as a goodness-of-fit test in the
forthcoming spectral analysis. Spectral fits were performed
in the energy range [Esoft,10.0 keV]. Esoft (see Tab. 1)
was determined for each spectrum after visual inspection as
the energy where excess emission above the extrapolation
2 Two objects in GREDOS (MCG-5-23-16, NGC 526A) be-
long to the FERO flux-limited sample after de la Calle Pe´rez et
al. (2010) due to the slightly different column density thresholds
employed by them to define an object as “X-ray unobscured”.
of the photoelectrically absorbed power-law emission starts
to dominate. The rationale behind this choice is driven by
the empirical evidence that this soft excess is associated to
diffuse emission extended on scales as large as a few kilo-
parsecs, most likely due to gas associated to the Narrow and
Extended Narrow Line Regions (Bianchi et al. 2006), with
contribution by strong starburst emission in a few objects
(Guainazzi et al. 2009). The modelling of this component
is therefore fully decoupled from that of the the primary
nuclear emission.
In this paper we quote statistical errors at the 90% con-
fidence level for one interesting parameter unless otherwise
specified. In order to calculate luminosities we use the fol-
lowing cosmological parameters: H0=70 km s
−1 Mpc−1,
Λ0=0.73, ΩM=0.27 (Bennett et al. 2003).
2.2. Spectral model definition
The main feature characterising X-ray spectra of ob-
scured AGN is a soft X-ray photoelectric cut-off due to
high column densities of obscuring gas (Awaki et al. 1991).
We therefore first fit the GREDOS spectra with a
simple baseline continuum constituted by a power-
law modified by photoelectric absorption trough cold
matter. However, moderate-resolution spectroscopy of
nearby Seyfert galaxies unveils further spectral complex-
ity, associated to reprocessing of the primary nuclear
continuum (Pounds et al. 1990, Nandra & Pounds 1994,
Turner et al. 1997). This evidence led us to add to
the model continuum a Compton-reflection component
(model pexrav in Xspec; Magdziarz & Zdziarski 1995)
as well as a number of Gaussian emission line pro-
files to account for Kα (with its Compton shoulder;
Matt 2002) and Kβ fluorescent lines from neutral iron
(Turner et al. 1997), and for recombination lines from He-
and H-like iron (Netzer et al. 1998, Bianchi & Matt 2002).
This “non-relativistic” baseline model can be described as
follows:
M(E) = e−σp(E)NH × [A1E
−Γ +ΣiNiGi(Ei)+
A2CS(E)] +A3CR(E,Γ)
where σp is the photoelectric cross-section, Gi are Gaussian
profiles, CS is the Compton shoulder, CR is the Compton
reflection continuum, and Ai and Ni are normalisation con-
stants. We used the ztbabs implementation for the photo-
electric absorption in Xspec. In the baseline, as well as in
all subsequent more complex models, we made the following
assumptions:
– the photon index Γ of the power-law and of the
Compton reflection continuum has been constrained to
be the same
– the power-law is modified by a high-energy cut-off be-
yond the energy bandpass of the EPIC cameras. It have
been held fixed to 150 keV (Risaliti 2002)
– the inclination of the Compton reflection component
with respect to the line-of-sight has been held fixed
to 45◦. This parameter is degenerate with the relative
normalisation between the Compton reflection and the
primary continuum, therefore this assumption does not
unnecessarily constraint the parameter space of other
spectral parameters
4 Guainazzi et al.: The ultimate driver of relativistic effects in AGN
Table 1. The GREDOS sample.






0006220201 NGC4507 Sy2 0.012 146.0 3.0 60/ 67 0.35/ 0.5 42.0/ 33.2
0067540201 Mrk348 Sy2 0.015 112.0 2.5 60/ 40 1/ 2 26.4/ 22.5
0110930701 NGC4388 Sy2 0.008 203.0 3.0 68/ 32 0.5/ 1 11.5/ 7.3
0144230101 Mrk6 Sy1.5 0.019 43.7 1.0 85/ 37 0.35/ 0.5 36.0/ 31.3
0145670101 NGC2110 Sy2 0.008 215.0 1.5 81/ 35 0.35/ 0.5 34.0/ 34.8
0152940101 NGC5252 Sy2 0.022 60.1 2.0 67/ 38 0.35/0.35 41.0/ 33.3
0202860101 NGC7172 Sy2 0.009 119.0 1.5 77/ 38 1/ 2 44.6/ 40.0
0550450301 1ES0241+622 Sy1.2 0.045 51.0 1.0 70/ 40 1/ 35 15.2/ 12.1
0550451501 GRS1734-292 Sy1 0.021 103.0 1.0 112/ 38 1/ 0.5 17.2/ 13.5
Tab. 2 NGC5506 Sy2 0.006 196.0 2.0 50/ 50 0.35/0.35 61.0/117.8
Tab. 2 NGC4151 Sy1.5 0.003 376.0 2.2 38/ 39 0.35/ 0.5 87.5/ 71.9
Tab. 2 NGC526A Sy1.9 0.019 42.6 1.2 89/ 38 0.35/ 0.5 53.7/ 45.4
Tab. 2 MCG-05-23-016 Sy2 0.008 166.0 1.8 40/ 47 0.35/ 0.5 118.4/104.8
aoptical Seyfert type according to the Ve´ron-Cetty & Ve´ron catalogue (Ve´ron-Cetty & Ve´ron 2010)
b14–195 keV BAT flux (in units of 10−12 erg cm−2 s−1) after Cusumano et al. (2010)
clow boundary of the energy interval where the spectral fit was performed
dsize (in arc-seconds) of the source spectrum extraction region (MOS/pn)
ethreshold (in counts per second) on the single-events, high-energy light curve to reject intervals of high particle background
(MOS/pn)
fnet exposure time in ks (MOS/pn) after data screening
– we have assumed solar abundances according to Anders
& Grevesse (1989)
– the centroid energy of the Gaussian profiles has been
held fixed to values as dictated by the atomic physics:
6.4 keV, 6.966 keV, 7.058 keV for Fe i Kα, Fe xxvi,
and Fe i Kβ, respectively. The intensity of the Fe i Kβ
has been constrained not to exceed 16% that of the Kα.
For the Fe xxv transitions we have allowed the centroid
energy to vary between 6.6364 and 6.7000 keV, corre-
sponding to the forbidden and the resonant transitions,
respectively
– the intrinsic width of the Gaussian profiles has been as-
sumed to be the same for a given object, and consistent
with the instrumental resolution
– following Matt (2002), the Compton shoulder was mod-
elled with a rectangular box of width 50 eV and inten-
sity constrained not to exceed 20% of the intensity of
the corresponding Kα profile
Only after these additional components were included
(and kept, if their inclusion improved the quality of the
fit at a confidence level >90%; Lampton et al. 1976), we
tried to fit any further spectral complexity with relativisti-
cally blurred disc components. For this scope, we have used
models extracted from the ky suite (Dovcˇiak et al. 2004),
based on a common ray-tracing subroutine aiming at de-
scribing the X-ray emission of black-hole accretion discs in
the strong gravity regime. As any emission line should come
accompanied by a relativistically blurred disc continuum,
we have used a combination of the models kyrline and
pexrav where the latter was convolved with a relativistic
kernel kyconv. In both kyrline and kyconv the blurring
effect depends on the following parameters: a) the black
hole spin a (comprised between 0 and 0.9982 in dimension-
less relativistic units); b) the inner (rin) and outer (rout)
radius of an annular region on the disc where the line pho-
tons are emitted; c) the index α of the radial dependence
of the emissivity per unit area, κ, in the local frame comov-
ing with the disc: κ(r) ∝ r−α; d) the “disc inclination” ı,
i.e. the angle between the normal to the disc plane and the
line-of-sight; e) the rest frame energy (assumed monochro-
matic) of the photons emitted by the disc, Ec. Although
the line normalisation in kyrline is expressed in units of
photons cm−2 s−1 integrated over the whole profile, we will
also use the line Equivalent Width (EW), i.e. the line inten-
sity normalised to the underlying continuum at 6.4 keV, to
ease comparison against theoretical predictions. Following
the approach described in Guainazzi et al. (2010), we fixed
the values of rin and rout to the innermost circular stable
orbit (e.g. rin = 1.24rg for a maximally spinning black hole)
and rout=400rg, respectively. Constraints on the black hole
spin could not be derived for any of the GREDOS sources.
We therefore assumed a maximally spinning black hole in
all the subsequent fits.
For objects where this model did not provide an ad-
equate fit we changed the obscuration law. We have tried
the following additional prescriptions for the X-ray obscura-
tion: a) two “cold” absorbing systems, one covering the pri-
mary and the relativistically broadened reprocessing com-
ponents, and the other covering the whole model; b) a par-
tial covering absorber covering solely the primary and the
relativistically broadened reprocessing components; c) one
ionised absorber, calculated according to a grid of Cloudy
models (Ferland et al. 1998) as described in Bianchi et al.
(2010); d) the combination of a “cold” and a “ionised” ab-
sorber.
For each source we have selected the model which yields
the best reduced χ2. We consider in the following a rela-
tivistic line as detected if the variation of χ2 associated
with the inclusion of the kyrline component in the spec-
tral model is significant at the 5-σ level, to be consistent
with the criterion adopted by de la Calle Pe´rez et al. 2010.
2.3. Spectral results
Tab. 3, and Tab. 4 of Appendix A summarise the results of
our spectral fits on the GREDOS sample. At the adopted
5-σ confidence level, a broadened relativistic line is de-
tected in only two sources. In both cases this detection was
reported elsewhere: MCG-5-23-16 (Dewangan et al. 2003,
Reeves et al. 2007, de la Calle Pe´rez et al. 2010), and
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Fig. 1. Relativistic line EW as a function of the
background-subtracted 5–7 keV counts in the GREDOS
(circles) and FERO (squared) samples sources. Empty sym-
bols indicate upper limits. The lines represent the sample
sensitivity for three different values of inclination angle,
assuming α = 2.5: dashed line: 10◦; dot-dashed line: 40◦;
dot-dot-dashed line: 80◦.
NGC 5506 (Guainazzi et al. 2010). Our non-detections
are also consistent with published reports: Mkn 6
(Schurch et al. 2006), NGC 4151 (Schurch et al. 2003),
NGC 4388 (Beckmann et al. 2004), NGC 5252
(Dadina et al. 2010). The detection fraction in GREDOS
(≃15%) is nominally lower then in samples of unobscured
AGN. However, the GREDOS sample is incomplete.
This prevents a statistically robust comparison of this
number with less unbiased samples such as FERO.
Moreover, most of the GREDOS sources are underex-
posed. In Fig. 1 the EW of the relativistic line is plotted
against the background-subtracted counts in the 5–7 keV
energy band. As already observed by other authors
(Guainazzi et al. 2006, de la Calle Pe´rez et al. 2010), the
detection is a strong function of the number of net source
counts in the hard X-ray band. All broad line detections
in the FERO and in the GREDOS samples correspond to
objects with more then 30,000 net source counts in the
5–7 keV energy band. Only three sources in GREDOS
satisfy this empirical criterion: MCG-5-23-16, NGC5506
(the two detections), and NGC 4151. Intriguingly enough,
above 100,000 net counts one measures a 100% detection
fraction.
At a lower confidence level (3σ) an additional broad line
is detected in a GREDOS source: in NGC 4507, by contrast
to Matt et al. 2004. Its parameters are: α ≤ 1.7, ı = 10±4◦8 ,
EW = 128±460 eV if Ec ≡ 6.4 keV. We will not include
this measurement in the joint analysis of the FERO and
GREDOS detections (see Sect. 2.4). The profiles of the iron
lines in GREDOS are shown in Fig. 2. These line profiles
are obtained from the data/model ratio against the best-
fit once the relativistic line profile (kyrline component)
is removed. In Fig. 3 we show the fractional contribution
of the continuum as well as of the narrow-band emission
features to the total best-fit model in the two GREDOS
objects, where a broad line is detected at a confidence level
≥ 5σ.
Fig. 3. Fractional contribution of the best-fit model com-
ponents to the total best-fit model. Dotted line: con-
tinuum; solid line: relativistically broadened Fe; dashed-
multi-dotted line: unresolved Fei Kα; dashed line: unre-
solved Fexxv recombination; dashed-dotted line: unresolved
Fexxvi recombination; dashed line: unresolved Fei Kβ line.
All components have been smoothed with a Gaussian ker-
nel (σkernel=150 eV) to reproduce the effect of the EPIC-
pn intrinsic energy resolution. The crosses represents the
data/model ratio against the best-fit model.
2.4. FERO+GREDOS detections
Hereafter we will consider the detections in the FERO and
GREDOS samples jointly (cf. Sect.2 for the definition of
the FERO sample in this paper). In this sample, 12 broad
iron lines are detected at confidence level ≥5σ (cf. Tab. 2
in de la Calle Pe´rez et al. 2010, and Tab. 4 in this paper).
Once the FERO and GREDOS detections are consid-
ered jointly, neither the detection fraction, nor the line EW
are dependent on the optical type (Fig. 4), despite a nom-
inal trend for broad lines to be more common in “type 1”
Seyferts. In this paper we use the optical type as defined
in the Veron-Cetty & Veron (2010) catalogue. We use the
optical classification to situate, at the best of our knowl-
edge, the FERO+GREDOS sources in the framework of
the standard Seyfert unification scenario as reviewed in,
e.g., Antonucci (1993). For this purpose, objects which ex-
6 Guainazzi et al.: The ultimate driver of relativistic effects in AGN










































Fig. 2. Profiles of the relativistically broadened iron lines detected in the GREDOS sample. They represent data/model
ratios once the kyrline component is removed from the best-fit model. The lines in MCG-5-23-16 and NGC 5506 are
detected at a confidence level ≥5σ in the relativistically blurred line scenario. The line in NGC 4507 is detected at a
confidence level ≃3σ only.
Fig. 4. Relativistic line detection fraction (upper panel)
and EW (lower panel) as a function of optical type for the
sources of joint FERO+GREDOS samples.
hibit broad polarised Balmer lines and/or weak IR broad
lines, but whose optical spectrum is typical of obscured
AGN are still considered “type 2”3. For sake of simplicity
3 MCG-5-23-16, Mkn 348, NGC 2110, NGC 4388, NGC 4507,
NGC 5506, NGC 7314
we include Veron type 1.9 objects into the “type 2” class,
Veron type 1.2 objects and Narrow Line Seyfert galaxies4
into the “type 1” class, hereafter.
Following the same approach as in, e.g., Guainazzi et al.
(2010) we use the α parameter in kyrline as a measure-
ment of the importance of relativistic effects in shaping the
profile of the iron Kα emission line. For the same value of
the inner and outer radius of the line-emitting region being
equal, higher α values indicate that line photons are emit-
ted in regions closer to the accretion disc innermost stable
orbit. For α ≤ 2 (i.e. when a large fraction of the accretion
disc is responsible for the line production) the choice of
the line-emitting region outer radius (which, we remind, is
fixed to 400rg in our spectral models) may affect the best-
fit values of other line parameters. This effect is discussed
by Guainazzi et al. (2010) for the case of NGC 5506.
In the joint FERO and GREDOS detections one ob-
serves an apparent correlation between α and EW (Fig. 5).
A fit to the data using an extension of the regression
method on censored data originally described by Schmitt
(1985) and Isobe et al. (1986) yields: α = (0.44 ± 0.19) +
(2.0 ± 0.8) × log(EW ), when EW is expressed in keV.
The Spearmann rank coefficient on the same data yields
a correlation probability of 99.7±0.217.4%, where the nomi-
nal value is calculated using only bracketed measurements,
and the error bars reflect the range of values that cen-
sored data could cover on the y-axis (only subject to the
best-fit model parameter restriction: α ≤ 6). Taking into
account the large uncertainties, the correlation is statisti-
cally marginal. In the same figure, we compare the mea-
surements with the predictions of an axisymmetric lamp-
post model (Dovcˇiak et al. 2004), where a point-like source
of X-ray radiation is located at variable heights along the
black hole spin axis. We simulated EPIC-pn spectra ac-
cording to this model, and fit them using the same base-
line model as defined in Sect. 2.2. Moderately relativis-
tic (α ∼< 3) lines can be explained in this framework
if the accretion disc is seen in different objects under
a wide range of different inclination angles and heights.
Interestingly enough, it is impossible to get α > 3 in this
scenario. Recently, examples of extreme relativistic lines
have been published, whose profiles are consistent with
very steep (α ∼> 5) specific emissivity radial dependencies
(Wilms et al. 2001, Fabian et al. 2009, Ponti et al. 2010).
4 Mkn 110, Mkn 766, NGC 4051
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Fig. 5. α versus EW for the iron Kα relativistic lines de-
tected in the FERO and GREDOS samples. Empty symbols
indicate upper limits. The lines represent the predictions of
a lamppost model for different values of the X-ray source
height (small numbers along the curves in units of gravita-
tional radii) and disc inclinations (line styles; cf. the inset
label).
Fig. 6. Accretion disc inclination angle ı as a function of
the optical type for the joint GREDOS and FERO control
sample discussed in this paper.
The main driver for some of these results is the very smooth
shape of the soft excess, implying extreme relativistic blur-
ring of narrow-band spectral features imprinted by disc re-
flection on the soft X-ray (E ∼< 2 keV) spectrum. As pointed
out by, e.g., Z˙ycki et al. (2010) steep profiles can be ob-
tained only if the X-ray source is not located on the black
hole spin axis, because they require the combination of dy-
namical Doppler shift and frame dragging within the black
hole ergosphere.
There is no significant difference between the distribu-
tion of disc inclination angles between the GREDOS and
the FERO sample sources, neither a dependency of the
disc inclination angle on the optical spectral type (Fig. 6)
or host galaxy inclination. Although the line detections
in type 2 Seyfert correspond to ı ≥ 38◦ (MCG-5-23-
16, Reeves et al. 2007; NGC 5506, Guainazzi et al. 2010),
high-inclination lines are measured in type 1 objects as well
(Mkn 509, MCG-6-30-15; de la Calle Pe´rez et al. 2010).
Moreover, type 1.5 objects invariably exhibit inclination an-
gles lower then 40◦, ruling out a simple relation between the
inclination of the nuclear obscuring matter (as measured by
the optical type) and that of the accreting matter.
Care must be exercised in interpreting direct mea-
surements of the disc inclination through the profile of
a relativistically broadened line, though. Measurements
of the inclination angles through X-ray spectroscopy in
the relativistically blurred line scenario are still affected
by large systematic uncertainties. Even in the best stud-
ied case (the high-quality “long-look” EPIC spectrum
of MCG-6-30-15 taken in 2002) published measurements
of the relativistic line profiles by different authors yield
values of the disc inclination angle ranging from 20◦
to 48◦ (Brenneman & Reynolds 2006, Fabian et al. 2002,
Branduardi-Raymont et al. 2001, Reynolds et al. 2004).
3. The quest for the ultimate driver of relativistic
effect strength
A number of AGN exhibit relativistically broadened iron
lines with an EW ≥300 eV (cf. Sect. 1). Such an extreme
strength is difficult to reconcile with theoretical calcula-
tions of the EW expected from standard X-ray illumi-
nated relativistic accretion discs (George & Fabian 1991),
unless the primary emission illuminating the disc is highly
anisotropic. Mechanisms based on strong relativistic effects
occurring when the source is located a few gravitational
radii from the black hole event horizon have been proposed
(Martocchia et al. 2002, Miniutti & Fabian 2004). Indeed,
light bending coupled with a variable height of the X-ray
primary sources on the disc plane can explain at the same
time the extreme strength of relativistic reprocessing spec-
tral components (Fabian et al. 2009, Ponti et al. 2010),
and their lack of response to the primary continuum varia-
tion (Miniutti & Fabian 2004).
A standard plane-parallel X-ray illuminated accre-
tion disc covering a 2pi solid angle should produce an
EW∼150 eV for a typical AGN X-ray spectral shape and
solar abundances (George & Fabian 1991). However, many
of the FERO+GREDOS sources exhibit EWs significantly
lower than this. Are there alternatives to explaining this
large dynamical range in terms of disk solid angle as seen
by the primary source? We will hereby follow a falsification
approach to address this problem: we will assume that for
“standard” EW ≤ 300 eV AGN the solid angle is on the
average the same, and analyse which consequences this as-
sumption bears on the correlation between EW and other
observables.
We first mention the most fundamental limitation of our
quest. High-EW reprocessed emission lines can be produced
if the disc photosphere is highly ionised (Z˙ycki et al. 1994).
The data currently do not allow us to test this hypoth-
esis. Fits with a relativistic profile corresponding to be-
ing dominated by Fe He-like emission is preferred in 3
out of 11 FERO (de la Calle Pe´rez et al. 2010), in none of
the GREDOS detections. Although in these cases the EW
is tendentiously larger then the distribution average (140-
230 eV), this parameter space is not exclusively occupied
by them. Moreover, there is no correlation between the line
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EW and the X-ray luminosity or the accretion rate nor-
malised to the Eddington value. This suggests that disc
photoionisation probably does not play a decisive role in
determining the strength of relativistic reprocessing for our
sample. Much better data quality would be required, how-
ever, to resolve the degeneracy between the bulk ionisation
state of the line emitting region and other parameters.
Once we neglect the disc ionisation, the EW of a rela-
tivistically broadened iron line depends primarily on:
1. the photon index of the illuminating continuum, Γ
2. the disc inclination, ı
3. the iron abundance, ZFe
4. the “reflection fraction”, a parameter which for purely
isotropic emission is proportional to the solid angle sub-
tended by the disc at the X-ray source
Approximated formulae for the dependency on the first
three parameters are reported by Nandra et al. (2007)5.
In this Section we will assume initially that the reflection
fraction is the same for all objects in the FERO+GREDOS
sample and test whether the observed distribution of EW
can be reproduced by any of the other three parameters.
Very few measurements of the iron abundance are
available in the literature for the objects of our sample.
Following the approach after Ballantyne (2010) we have
therefore decided to calculate ZFe using the correlation
with the accretion rate in Netzer & Trakhtenbrot (2007).
In Fig. 7 we show the relation between the EW of the
relativistically broadened iron line and Γ, ı and Z for two
samples:
1. the full FERO+GREDOS sample (left panels)
2. the 12 FERO+GREDOS detections only, once the EW
values have been corrected for the dependency of the
EW on the other two parameters assuming as common
reference the values: Γ0=1.9; ı0=30
◦; ZFe,0 = Z⊙.
The EW observed trends against any of the above pa-
rameters do not agree with the theoretical predictions. The
correlation against the metallicity fails to reproduce the
whole dynamical range covered by the EW measurements
for ZFe ≥ 0.5Z⊙.
Fig. 7 demonstrates that the falsification tests we aimed
at fails. We are left with the conclusion that the “re-
flection fraction” is the main driver of the relativistically
broadened iron line EW even when X-ray spectra are not
disc-reflection dominated. In Fig. 8 we show the corre-
lation between the EW and the parameter R, which is
usually used to characterise quantitatively the reflection
fraction. A similar correlation is found between α and
R, as expected given the tentative correlation between α
and EW shown in Fig. 5. R is proportional to the solid
angle, Ω, subtended by the disc at the X-ray isotropic
source, and R = 1 for Ω = 2pi. Unfortunately, the scien-
tific payload on-board XMM-newton does not allow the
simultaneous measurement of R. We have therefore de-
rived R from literature non-simultaneous measurements.
In most cases we have used the results of the BeppoSAX
5 Although the formula for the dependency of the EW on the
spectral index contains a typo. The correct formula is EW =
EW0×[9.66×(Γ
−2.80)−0.56] (Nandra, private communication),
where EW0=144 eV.
survey of AGN after Dadina 2007, except for those ob-
jects for which more recent measurements by Suzaku are
available: NGC3516 (Markowitz et al. 2008), and IC4329A
(Markowitz et al. 2006). With these data, the measured
values of R is primarily driven by the strength of the hard
(E ≥ 10 keV) excess above the extrapolation of the pri-
mary continuum. These measurements therefore assume
that the hard X-ray excess is dominated by reflection.
In some cases (Turner & Miller 2009, Reeves et al. 2009) it
appears that absorption may play a greater role (see also
Walton et al. 2010).
Care has to be exercised in interpreting this plot,
due to the non-simultaneity of the measurements, as
well to the different astrophysical models used to fit the
XMM-Newton/EPIC, the Suzaku and the BeppoSAX data.
Moreover, a contribution to the continuum Compton-
reflection certainly comes from optically thick matter
at pc-scale, responsible for the bulk of the unresolved
component of the narrow Kα iron line (Page et al. 2004,
Bianchi et al. 2007, Shu et al. 2010). Bearing these caveats
in mind, a good agreement between R and EW is found, as
already reported by previous authors (Perola et al. 2002,
Dadina 2008, Walton et al. 2010). Recently, the possibil-
ity that a transmitted component seen through a partial
covered absorber could contribute to the emission above
10 keV, which is crucial for the measurement of the reflec-
tion fraction, has been suggested in the basis of broadband
X-ray measurements (Turner et al. 2009). Studies of sizable
samples of bright AGN with missions ensuring a broadband
simultaneous coverage such as Suzaku or the future Astro-H
andAstrosat would be very valuable in this respect.
4. Conclusions
In this paper we have tried to address the question: why
does the EW of the relativistically broadened Kα fluores-
cent iron line in AGN covers a dynamical range of almost
two orders or magnitude if the standard theory (reflection
of the X-ray isotropic primary emission by a plane-parallel
infinite accretion disc) predicts variations by at most factor
of a few?
In a few cases of very strong (EW >300 eV)
lines, a “reflection dominated” scenario seems inescapable
(Miniutti & Fabian 2004). The advantage of this scenario is
that it provides a natural explanation to a wide range of dif-
ferent phenomenologies commonly observed in X-ray bright
AGN, such as the “soft excess” (Crummy et al. 2006),
and the lack of response of relativistic reprocessed fea-
tures to changes of the primary illuminating continuum
(Miniutti & Fabian 2004, Ponti et al. 2006). Does this sce-
nario hold also for “less extreme”, not reflection dominated
AGN? Observationally, we confirm that the most likely
driver for the variation of the EW is the solid angle sub-
tended by the accretion disc (Fig. 8).
Resonant trapping of fluorescent photons
(Matt et al. 1993) can significantly suppress the EW of line
emitted by mildly ionised (ξ∼a few hundreds erg cm s−1.
Alternatively, in many objects of the FERO+GREDOS
sample the measured strength of the disk reprocessing
features implies a solid angle subtended by the disk <2pi
(assuming isotropic primary emission). What is the ulti-
mate physical driver of the lower-than-standard “reflection
fraction” in weak broad-line Seyferts? One possible way
to decrease the “effective solid angle” of the reflecting
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Fig. 7. EW of the relativistically broadened iron line in the FERO+GREDOS sample against the: disc inclination angle
(upper panels); primary illuminating continuum power-law spectral index (medium panels); iron abundance (lower panels).
The left column shows the whole sample, the right column shows only the data points corresponding to line detections,
once the EW values were corrected for the dependency on the other two parameters according to George & Fabian (1991)
and using the following common reference values: Γ0=1.9; ı0=30
◦; ZFe,0 = Z⊙. The solid line indicates the predicted
behaviour according to George & Fabian (1991). Filled symbols indicate detections.
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Fig. 8. EW against the “reflection fraction” parameter R in the FERO+GREDOS sample. Left panel: all measurements;
Right panel: detections only, corrected for the EW dependencies on Γ, ı, and ZFe to the reference values of Fig. 7. The
dashed line indicates a linear relation, with EW=144 eV for R=1 (George & Fabian 1991).
matter is that the innermost flow is so highly ionised that
iron is fully stripped and no fluorescence or recombination
lines cannot occur any longer. The ionisation parameter
of the disc is expected to increase very rapidly close (and
beyond) the ISCO (Reynolds & Fabian 2008), making it
quickly “radiatively truncated”. The current data are not
sensitive to the detailed ionisation state of the relativistic
line profiles. Although this prevents a conclusive answer on
this possibility, there is no compelling evidence so far for a
dependence of the line strength on the rest-frame centroid
energy (de la Calle Pe´rez et al. 2010).
Already at the dawn of X-ray relativistic spectroscopy,
Beloborodov (1999) had invoked bulk motion of the pri-
mary X-ray continuum emitting plasma away from the ac-
cretion disc to explain the weakness of reflection features.
Reflection fractions corresponding to Ω < pi can be achieved
with moderate (β ≡ v/c ≃ 0.3) bulk velocities, and could
be further reduced by scattering of the reflected radiation
in an outflowing blob. The X-ray outflowing plasma could
be identified with, e.g., the base of a jet, which would at
the same time provide a source of the relativistic electrons
required for inverse Compton upscattering of disc photons
into the X-ray regime.
Alternatively, the disc could be physically truncated in
sources with a lower-EW line. This mechanism would also
provide a natural explanation to the correlation between
the EW and the power-law index of the disc emissivity as
a function of radius (Fig. 5). In qualitative terms, a lower
EW could be produced by a smaller area of the disc far-
ther away from the black hole, where the relativistic ef-
fects are weaker; this would be reflected in the way we fit
the data by a low (α ≤ 2) values. However, an alternative
explanation for the same correlation invokes a simpler ef-
fect related to the quality of the data: when the red wing
of a relativistic line is confused in the underlying contin-
uum, the line profile appears less “relativistic” and at the
same time weaker. Therefore an observational bias could
also produce the correlation in Fig. 5. Moreover, claims
of truncated discs have been made for sources with very
different value of accretion rate, from low-luminosity AGN
to powerful quasars (Matt et al. 2005, Svoboda et al. 2010,
Lobban et al. 2010). This is at odds with a similar scenario
invoked to explain the hard/low state in Galactic Black
Hole Candidates (GBHCs), typically associated to low ac-
cretion states (Fender et al. 2004). A possible way out to
reconcile this discrepancy (apart from invoking a different
explanation for the lack of relativistic features in high ac-
cretion rate AGN) is assuming that powerful quasars never
go into the equivalent of the GBHC “low state”. States
without relativistic spectral features would correspond to
the “Very High State” observed, for instance, in the micro-
quasar GRS1915+105 (Fender & Belloni 2004).
The broad iron line could also be produced by localised
co-rotating spots on the accretion disc, which illuminate
only a small fraction thereof (Pecha´cˇek et al. 2005). Indeed,
transient redshifted features have been reported in an hand-
ful of objects (Turner et al. 2002, Guainazzi 2003) and in-
terpreted in terms of orbiting spots (Dovcˇiak et al. 2004).
Although doubts have been cast on the statistical signifi-
cance of these effects (Vaughan & Uttley 2008), they have
been confirmed by a homogeneous study of a large num-
ber of bright sources extracted from the FERO sample
(de Marco et al. 2009). The discussion on the reliability of
this phenomenology and its relevance for the AGN popu-
lation as a whole is still open, and will be hopefully set-
tled once more data will be available with future high-
throughput missions.
4.1. On alternatives to the relativistic blurring scenarios
Finally, if the spectral complexity in the iron band is
due to a completely different mechanism, which does not
require general relativistic effects close in the innermost
region of the accretion flow (e.g., Turner & Miller 2009),
the observations described in this paper cannot be ex-
plained in terms of relativistic effects. Turner & Miller
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(2009) reviewed recently an alternative scenario where the
skewed profile of the Kα iron line is due to partial cov-
ering ionised absorption mimicking the broad read wing
and the sharp blue drop at ≃7 keV. This scenario delivers
statistically equivalent fits to the relativistic reflection sce-
nario for a number of time-averaged X-ray spectra of bright
Seyferts (Reeves et al. 2004, Miller et al. 2009), as well
as explaining their spectral variability (Miller et al. 2007,
2008, 2010). Readers are referred to Miller (2007) and
Turner & Miller (2009) for an exhaustive discussion of
strength and weaknesses of both scenarios. Disk winds are
predicted theoretically in several configurations of the ac-
cretion flow (Proga et al. 2008, Sim et al. 2010), and their
impact on the spectral shape above 2 keV cannot be ne-
glected (Reeves et al. 2004). The authors of the current pa-
per are of the opinion the not intuitive geometry that par-
tial covering of the primary X-ray source on scales of a
few gravitation radii (Risaliti et al. 2007) requires; and the
scale-law between Galactic Black Hole systems (where par-
tial covering surely does not occur) and AGN in the timing-
domain (McHardy et al. 2006) are serious shortcomings of
the “partial covering” scenario. In this context, the pos-
sible discovery of “clean AGN” (i.e., AGN whose X-ray
soft X-ray spectrum does not show evidence for a warm
absorber; Emmanoulopoulos et al. 2011) are a potentially
crucial testbed for the robustness of Fe Kα broad line de-
tections.
Turner & Miller (2009) - and many papers referenced
therein - discuss these shortcomings. They stress that the
light bending scenario - introduced to explain an unex-
pected lack of correlation between the short-term variability
of the primary continuum and the disk reflection features
- also requires rather “ad hoc” assumptions on the X-ray
source geometry and dynamics. The source has to be com-
pact, and moving in a vertical direction on short time-scales
while maintaining its stability. While the base of a jet could
in principle provide a physical location for this compact,
highly dynamical source of high-energy photons, some of
the difficulties of this picture have been recently discussed
by Z˙ycki et al. (2010). In the partial covering scenario the
physical scaling of the accreting system with mass and lu-
minosity implies a scaling of the clumpy covering material
with mass. While short-time variations at high-energy are
still most likely due to intrinsic fluctuations of the source,
the spectral curvature below the Fe Kα line and its variation
on long-timescales are successfully modelled with clumpy
material in a disk wind.
It remains highly controversial which falsification ex-
periment(s) could eventually settle the issues. General con-
sensus exists that studies of large AGN X-ray high-quality
broad-band spectral samples with operational (Suzaku; see,
e.g., the recent work by Patrick et al., 2010) or future
(Astro-H,Astrosat, IXO) missions will be crucial. A statisti-
cal comparison of the fit quality produced by different sce-
narios on the same sample, as well as of the corresponding
observable distributions, would be a valuable exercise. This
paper, the last of a series of studies inspired by the goal
of putting the discussion on relativistic X-ray spectroscopy
on a sound statistical basis, aims at giving a contribution
to this ongoing effort.
Table 4. Summary of spectral fit results for the GREDOS
sample: relativistic line. All measurements refer to a rest
frame centroid energy Ec = 6.4 keV. Upper limits are at
the 90% level.
Source ı α EW
(◦) (eV)
NGC4507 ... ... <130
Mrk348 ... ... <300
NGC4388 ... ... ...a
Mrk6 ... ... <480
NGC2110 ... ... <100
NGC5252 ... ... <600
NGC7172 ... ... <60
1ES0241+622 ... ... <1000




NGC4151 ... ... <80





Appendix A. Spectral results on the GREDOS sam-
ple
Tab. 3 summarises the results for the continuum compo-
nents. In Tab. 4 we report the results on the relativistic line
profiles. For non-detected lines we report only the 90% up-
per limit on the Equivalent Width for a fixed Ec ≡ 6.4 keV.
The parameters refers to a value of the spin correspond-
ing to a maximally spinning black hole (a = 0.998). In all
cases, a solution corresponding to a neutral emitting gas
(Ec=6.4 keV) is preferred. A gallery of spectra and best-fit
model is shown in Fig. 9, whereas the line profiles (only for
detections) are shown in Fig. 2. These line profiles are ob-
tained from the data/model ratio against the best-fit model
once the relativistic line profile (kyrline component in the
best-fit model) is removed. In a few cases the strength of
the continuum reflection as measured by EPIC is inconsis-
tent with the broad iron line EW, or lack thereof. We stress
that fits of the EPIC-pn spectra are relatively insensitive to
the exact value of the reflection fraction, which is primarily
driven by the depth and shape of the iron photo-absorption
edge. This feature is degenerate with the photo-absorption
column density in fits of obscured AGN over an energy band
limited to 10 keV. One should therefore refrain from over-
interpreting the astrophysical implications of these results.
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Fig. 9. Spectra (upper panels) and residuals in units of standard deviations (lower panels) when the best-fit models as
in Tab. 3 are applied to the GREDOS sample.
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